Introduction
Formation of 3D-aggregates of self-assembled nanoparticles has recently attracted much attention 1, 2, 3, 4, 5 in the view of a broad spectrum of applications foreseen for these constructions, ranging from optical 1,2 and magnetic 3 lenses to high-stability electrode materials for lithium-ion batteries 4 and dye-sensitized solar cells 5 . Among the approaches proposed to control the selfassembly major focus has been on either application of surfactants 3 , 5 , including graftcopolymers 6 . Even in the absence of surfactants, the action of weak inter-particle forces, such as Van-der-Waals or electrostatic interactions have been proposed to explain uniform self-assembly in solution 7 , observed generally for metal oxide nanoparticles 4, 8, 9, 10 . The aggregation of metal oxide nanoparticles has been proved to be facilitated even by hydro-or solvothermal synthesis 4, 11 .
A special attention has been recently directed towards oxide nanobeads involving one or several early transition elements as perspective materials for Li-battery electrodes and for oxidation or acidic catalysis 12, 13 .The applied structure-directing tools have in this case been either application of sol-gel technology in complex solvent mixtures 12 or using external templates 13 . Formation of spherical particles on spontaneous hydrolysis of alkoxide precursors on liquid-air interface in contact with moist air has been reported long ago, but no means for control of particle size and aggregation have been developed yet 14 . The advantage of use of metal alkoxides as precursors lies in the formation via their hydrolysis of uniform oxometallate primary nanoparticles with the size below 5 nm -products of coordination equilibrium. 10, 15 A lot of effort has been put recently on the investigation of the role of different factors to control formation and aggregation of nanoparticles in aqueous media, envisaging, in particular, the role of coordinated anions. 16 In the present work we have successfully exploited introduction of an inorganic perrhenate anion in the structure of metal-organic precursors to achieve the uniform self-assembly of the initial particles.
The size of the produced spherical aggregates could be efficiently controlled through the polarity of the medium (introduction of alcohols into hydrocarbon reaction medium).
Experimental
All the preparative procedures were carried out in dry nitrogen atmosphere using a dry box.
Toluene was dehydrated by refluxing over LiAlH 4 with subsequent distillation. Methanol was purified by distillation over magnesium methoxide. Ethanol was dried by refluxing over Ba ethoxide, and n-propanol -by refluxing over aluminium n-propoxide with subsequent distillation.
The alkoxides, used in this work as starting materials for the synthesis of bi-and trimetallic complexes, Nb 2 (OMe) 10 and Ta 2 (OMe) 10 , were prepared by anodic oxidation of the corresponding metals in methanol and purified according to conventional techniques 19 14 (ReO 4 ) 2 (VII), followed procedures described earlier for compounds II and IV in 20,21 and are described in detail in the Supplementary.
IR spectra of tablets pressed with dry KBr were obtained with a Perkin Elmer FT-IR spectrometer Spectrum-100. Mass-spectra were recorded using JEOL JMS-SX/SX-102A massspectrometer applying electron beam ionization (U = 70 eV) with direct probe introduction. 1 H NMR spectra were collected for the precursors on Bruker DRX 400 spectrometer. The details of spectroscopic and crystallographic characterization of precursor compounds can be obtained from the Supplementary (Tables TS1-TS3). SEM micrographs of the samples were obtained in scanning electron microscope HITACHI TM-1000 µDex, equipped with EDAX analysis. The RSD for all elements have been determined by repeating the EDS analysis 10 times from the same area on the highest magnification. TEM images were obtained with Philips TEM/STEM 400 instrument. Specific surface areas (SSA) were measured at 77 K on a Quantachrome Autosorb 1 apparatus . SSA was determined from at Page 4 of 39 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 least 5 points in the 0.05-0.3 P/P 0 range. Hydrodynamic size and ζ potential were measured using the dynamic light scattering (DLS) technique on Malvern Instruments Zetasizer Nano-ZS instrument operating under a He_Ne 633 nm laser and equipped with the Dispersion Technology Software for data collection and analysis. The samples were sonicated in 15 min before each measurement. All measurements have been carried out in duplicate and revealed high reproducibility.
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EXAFS -Data collection. Tantalum and Rhenium K edge X-ray absorption spectra were recorded at the wiggler beam line I811 at the MAXLab, Lund University, Lund; Sweden. The EXAFS station was equipped with a Si [111] double crystal monochromator. The data collection was performed in transmission mode. Higher order harmonics were reduced by detuning the second monochromator to 30 % of maximum intensity at the end of the scans. The energy scale of the X-ray absorption spectra were calibrated by assigning the first inflection point of the K edge of a tantalum foil to 9881 eV 17 . The EXAFSPAK program package 18 was used for the data treatment.
Preparation of nanobeads
Two types of hydrolysis: natural and forced have been applied to obtain spherical aggregates denoted below as nanobeads. Certain masses of the precursor crystals were taken from the mother liquor and dissolved in different volumes of toluene, depending on the solubility of the alkoxides. Natural hydrolysis was carried out by slow diffusion of the ambient atmosphere into a flask with solution of alkoxide precursor connected with air through a syringe needle piercing the serum cup. The forced hydrolysis was carried out by addition of liquid water in two different protocols: (1) 0.01 ml of H 2 O was quickly added by syringe on shaking to 0.5 ml of toluene solution of the precursor, or (2) 0.05 ml of the respective alcohol (depending from precursor) and 0.01 ml of H 2 O were added consequently by syringe on shaking to 0.5 ml of toluene solution of the precursor. Directly after addition of water a milky colloid solution was obtained with following formation of nanobeads in both cases. The particles were separated by centrifugation with subsequent removal of solvent by decantation and dried in vacuum.
Starting solutions for preparation of nanobead samples were obtained by dissolution of 1.017 g of (I) in 7 ml toluene, for the synthesis of NBI, NBI* and NBI** respectively (the first sample originating from natural hydrolysis, the one marked with one star -from forced hydrolysis with pure water and the one with two stars -from forced hydrolysis by water in parent alcohol); 0.121 g of (III) in 3 ml toluene were used for NBIII, NBIII* and NBIII**; 0.294 g of (IV) in 4.8 ml toluene were used for NBIV, NBIV* and NBIV**; and 0.719 g of (VI) in 2 ml toluene were used for the synthesis of NBVI and NBVI*. Poor solubility of precursors (II) and (V) hinder preparation of the corresponding nanobead materials from them.
Results and discussion

Precursor compounds
Introduction of perrhenate anions into the structures of alkoxide precursors was achieved by a simple procedure involving refluxing of the commercially available metal alkoxides with rhenium(VII) oxide, Re 2 O 7 , taken in stoichiometric amounts. The reaction follows practically quantitatively the general scheme: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 corners of the rectangle and are thus incorporated in the coordination spheres of the transition metal (Nb, Ta) atoms of the alkoxide precursor. It should be mentioned that the structures of trimetallic complexes (I) and (II) have non uniform distribution of niobium and tantalum between the two symmetrically independent positions. As it was described previously 20 for the methoxide complex (II) the niobium atoms (70 %) preferably 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 are situated in the oxo-position which is connected with perrhenate group in contrast to tantalum ones (30%) which are more abundant in the alkoxo-position where 70% of tantalum atoms and 30% of niobium ones are present. The same tendency can be seen in the new ethoxocomplex (I),
but the distribution of niobium and tantalum atoms is even more preferential: in oxo-position M1 table TS2 ).
The increasing size of the alkoxide ligand influences also the M -O bond energy, which is confirmed by analysis of the IR spectra (see Table TS3 ). They show that the peaks shift toward smaller wavenumbers, which indicated that the interaction energy in case of trimetallic (I) and
tantalum-rhenium bimetallic ethoxides (VI) is lower than in methoxo complexes (II) and (VII)
respectively. In case of niobium-rhenium bimetallic complexes the same trend can be observed for the difference between the normal propoxide and ethoxide and methoxide respectively. In agreement with the earlier observations 21a,21b , the bond lengths increase in the series:
Nanobeads
Following the hypothesis that application of perrhenate anions will improve stability of primary particles, originating from hydrolysis of metal alkoxides, and permit their more uniform aggregation, the solutions of perrhenate alkoxides were first subjected to slowly diffusing moisture via the procedure of natural hydrolysis.
For all the tested precursors it produced mostly spherical beads with different degree of aggregation. Relatively small fraction of bigger poorly shaped aggregates was also present. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 size of the spheres was mostly uniform and showed no trend in relation to either nature of the alkoxide ligand or to concentration of the precursor solution.
The sample NBI reveal almost the same size of well-shaped spheres approximately 500-700 nm in average (see Fig 2a and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The perrhenate ligand was quantitatively retained through the hydrolysis procedure according to the EDS analysis (see Tab. 1), which indicated the absence of hydrolysis for the M-O-Re bond and potential for their use as structure-directing units. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 analogous to those in the spectra of precursor complexes (see table TS 2) . The characteristic set
Re=O bands indicate that Re is present in the beads as ReO 4 -ligands.
The coordination of the metal centers does not change during the hydrolysis as indicated by the EXAFS spectra ( Fig. S7-S10 ), remaining octahedral for Ta(Nb) and tetrahedral (conservation of the perrhenate ligand structure) for Re. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 * s -strong, w -weak, br -broad, sh -shoulder
The forced hydrolysis is resulting in the formation of spherical particles with size and degree of aggregation strongly dependent on the polarity of the solvent (see Fig. 3 ). The kinetics of aggregation of the initially formed primary particles was followed by laser reflection microscopy using NanoSight (NTA Version 2.1) instrument (see real-time video VS1 in the Supplementary).
The initial particles with the size below 10 nm aggregated uniformly to spherical particles of several hundred nm in size within minutes. The aggregates can be split into initial small particles again by sonication in a standard ultrasound bath in 5 min and the re-aggregation can then be followed to occur reproducibly with formation of again same type spherical aggregates in the same time scale. This is an important evidence for the formation of the observed oxide particles through so called Micelle Templated by Self-Assembly of Ligands (MTSAL) mechanism 10,15 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 absent, because the coalescence of the primary particle occurs more uniformly as the distribution of water in the volume is more uniform due to agitation. Even in this case the retention of Re is complete and occurs in the form of ReO 4 -ligands according to EDS and FTIR.
In spite of well-defined geometry of the metal centers, the produced nanobeads remain amorphous on thermal treatment up to 700 °C even after 24h. Increasing the temperature to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The non-heat-treated beads are thus possessing fully dense surface (completely closed porosity) formed via coalescence of the original nanoparticles as it is often observed for the niobium and tantalum oxides produced by sol-gel. 23 The products of thermal treatment were investigated by X-ray powder diffraction analysis (see Fig. 5 ). The XPD results have shown that NBIII and Even if no Rietveld refinement of XPD patterns is performed we could add that the broad diffraction peaks observed are in good aggreement with nanocrystalline domains.
The EDS analysis indicated that the ratio between Nb and Ta in thermal product of NBI remains the same as in the initial sample NBI 65.98 and 34.02 at% respectively.
In order to understand the mechanism guiding the self-assembly process, we have carried out 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 removes all the surface ligands and offers distinctly negative charged particles as it should be observed for the appreciably acidic niobium oxide. Supplementary materials available: Details of synthesis, spectroscopic and crystallographic characterization for molecular precursors applied, results of FTIR, EXAFS, TEM, nitrogen adsorption studies, a real-time movie demonstrating the aggregation process, and statistical description of the NanoSight measurements on the aggregation process for the produced nanobeads. This material is available free of charge via the Internet at http://pubs.acs.org. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 18 of 39 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Ortep view... 279x215mm (300 x 300 DPI) Page 21 of 39 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Obtained by natural hydrolysis from NBI 179x145mm (300 x 300 DPI)
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